Energy metabolism of the human visual cortex was investigated by performing 31 P functional MRS.
| INTRODUCTION
The human brain consumes a considerable amount of energy, and is known to be the main glucose demanding organ of the human body. 1 Neuronal activity can increase this energy demand, and can cause local pH changes via several mechanisms. 2, 3 So, studying energy metabolism in the human brain could potentially provide a direct assessment of neuronal integrity and functioning. 31 P magnetic resonance spectroscopy ( 31 P MRS) is often used to study energy metabolism in-vivo and non-invasively, 4, 5 for it can detect the energy metabolism products such as adenosine triphosphate (ATP), phosphocreatine (PCr), and inorganic phosphate (Pi). Moreover, using saturation transfer techniques, exchange rates between ATP and Pi can be determined, 6 and acidity can be derived using the pH sensitive resonance position of the Pi signal. During muscle exercise, substantial alterations in PCr and Pi levels can be observed, as well as a clear shift of the frequency of the Pi signal that coincides with pH alteration. Even distinctions between Pi pools in mitochondrial, intracellular and extracellular compartments are visible due to their characteristic pH and thereby peak position in the 31 P MR spectrum. 7 Over the past decades, studies have observed small alterations in 31 P MRS signal levels or pH changes in the brain during activation. [8] [9] [10] [11] [12] [13] [14] [15] [16] However, these small changes are in marked contrast to the large activation-induced alterations of 31 P MR signals in muscle. Under baseline hypoxia, neither the PCr/ATP and Pi/(Pi+ PCr) ratios nor intracellular pH levels in the brain were affected, 17 despite the fact that blood oxygen saturation ranged from 0.95 to 0.83 reducing the blood's capacity to deliver O 2 to the brain as required for energy metabolism. Only chemical exchange rates during visual stimulation have been observed 6 and recently confirmed. 18 In general, it is widely recognized that the energy metabolism of the brain is strongly regulated and intracellular pH levels are controlled, for example through buffer processes such as the CO 2 /HCO 3 − system. Because of these regulatory mechanisms, the magnitude of the neuronal activity induced pH changes is very small, therfore with MRS it could possibly only be detected as a small shift in peak frequency or minimal change in peak amplitude of Pi. A subtle shift in the intracellular Pi peak or amplitude alteration is challenging to observe, as the 31 P MRS peaks will get narrower line widths and higher amplitudes during stimulation caused by BOLD effects. Moreover, signals of 2,3-DPG (2,3-diphosphoglycerate) from blood may contaminate the spectrum as demonstrated in cardiac MRS, as these have resonances close to the Pi peak. 19, 20 In our study, we propose an alternative means to observe alterations in pH during activation of the brain. Rather than focusing on the total observed Pi pool, which is predominantly intra cellular, our study aims to observe pH alterations in the mitochondria. Distinction between mitochondrial Pi and intracellular Pi is possible due to their different acidic environments: pH of 7.8 in mitochondria (as derived from cell work) 21 versus 7.05 of the intracellular pool. 22 When the chemical shift of PCr is normalized at 0 ppm, Pi at a pH of 7.8 corresponds to a chemical shift of 5.5 ppm, and Pi at a pH of 7.05 corresponds to 4.9 ppm. The spectral resolution is more than sufficient at a field strength of 7 T to distinguish these two signals that have a chemical shift difference of 0.6 ppm (i.e. similar difference as phosphocholine at 6.2 ppm and phosphoethanolamine at 6.8 ppm that have demonstrated clear distinction at 7 T). 23 However, the pool size of Pi in both mitochondria and extracellular space is substantially less than intracellular Pi. Therefore, the signal to noise ratio (SNR) has to be increased. With the use of SNR optimized RF coils for calf muscle 31 P MRS at 7 T, it has been demonstrated that the mitochondrial Pi pool reflects about 13% of the total observed intracellular Pi pool. 7 In fact, when taking a closer look at the first 31 P spectra obtained from the human brain at 7 T, 24 a small peak downfield from the main Pi peak can be observed. This could very well be mitochondrial Pi, albeit it was not labeled by the authors as such. Besides mitochondrial Pi, alkaline Pi signal has previously also been assigned to be extracellular Pi in 31 P MR spectra obtained in the human brain. 25, 26 The exact contribution of the mitochondrial and extracellular compartments to the alkaline Pi signal in the brain is not well established. Overall, when optimizing SNR of 31 P MRS in the human brain, the mitochondrial and/or extracellular Pi pool may be detected.
The SNR of the downfield Pi signal can be improved at 7 T in several steps. First, the volume of activated tissue can be enlarged. A large volume of activated tissue would enable the use of a large spectroscopy voxel size, resulting in an additional increase in SNR similar as recently observed for enlarged voxel measurements of γ-aminobutyric acid (GABA) using a setup with a large visual angle. 27 Secondly, the RF coil can be optimized for higher SNR. Using a tight-fit volume resonator, a uniform excitation can be obtained while assuring highest SNR in the center of the brain. 28 Moreover, when compared to surface coil transceivers, the uniform reception will reduce potential contamination from 31 P signals from the large vessels close to the skull. Finally, it was demonstrated that the T 1 relaxation time of mitochondrial Pi is about four-fold shorter than intracellular Pi, 7 therefore short TR sequences can be used that maximize the SNR per unit of time.
In this study, the above mentioned SNR optimization steps were implemented to investigate the behavior of the downfield Pi peak in the human brain of six healthy volunteers during visual stimulation.
| METHODS
Six participants (5 male, 1 female, 24-43 years old) were scanned in a 7 Tesla Achieva system (Philips, Best, the Netherlands). The first participant was scanned three times: twice to test the setup and scan protocols, and a third time to acquire data with an identical scan protocol as for the rest of the participants. All participants provided written informed consent, and the study was approved by the medical ethics committee of the University Medical Center Utrecht.
A dedicated custom coil setup was used with a large screen for projection of a stimulus with a large visual angle ( Figure 1 ). The visual angle was around 40 degrees in height and more than 70 degrees in width. The transmit/receive coil was a tight fit (inner diameter = 23 cm), shielded quadrature birdcage coil, double tuned to both the 1 H and 31 P frequency. Ceramic floating cable traps tuned for 31 P and 1 H were used in series for both cables that run from the 1 H and 31 P coil, via an RF splitter, to the narrow band transmit receive switches, quadrature hybrids and preamplifiers of the MRI system.
An initial anatomical 1 H gradient echo scan was made at the start of the session. This scan contained 3 orthogonal slices and was used for planning. The parameters of this scan were: TE = 2.0 ms, TR = 42 ms, 45 degrees flip angle, 3 orthogonal slices (stacks), FOV = 500x500x3 mm 3 , spatial resolution = 2x2x3 mm 3 , and a total scan time of 10.7 s. B 0 shimming of the visual cortex was performed by acquiring a 3D B 0 map, and subsequently updating the currents in the shim coils with the calculated values from the first and second order harmonics that fit to the B 0 maps. The B 0 maps were obtained with TE = 1.54 ms, delta TE = 1 ms, TR = 4 ms, FOV = 240x180x157 mm 3 , spatial resolution = 3.75x3.75x3.75 mm 3 , and a total scan time of 16.2 s. After the B 0 shim update, the water frequency was determined from the visual cortex using the standard semi-LASER sequence implemented by the vendor. 29 The frequency was used to fix the carrier frequency of the 31 P MR system during the remainder of the scan session.
A pulse-acquire 31 P MR sequence was used and configured with a short TR of 100 ms to obtain highest SNR per unit of time, while providing an acquisition window of 80 ms (512 datapoints at 6400 Hz) and a spectral resolution of 0.1 ppm. An Ernst-angle of 20 degrees was used, based on the estimated shortened T 1 value of mitochondrial Pi of 1.4 s in muscle, as obtained from literature. 7 The excitation pulse duration was set to 109 μs, and the pulse was amplified using the 4 kW RF amplifier of the MR system. Gradient phase encoding steps of 400 μs were included to the sequence to provide 3D MR Spectroscopic Imaging (MRSI) in order to spatially distinguish the 31 Visual stimuli were projected in blocks of 4 scans (4 rest, 4 stimulus, 4 rest, 4 stimulus), as is shown in Figure 2 . The visual stimulus consisted of a curved-line pattern reversing contrast at 8 Hz. The curved lines were oriented in different directions, to target and stimulate a big pool of neurons with varying orientation preference. 31 The stimulus was presented for 8:36 min (4 scans) and was repeated after the rest period. The first subject was scanned three times to test the scan protocols. In the first two sessions of the first subject a standard 8 Hz contrast reversing checkerboard pattern was used as visual stimulus. In the final session an identical visual stimulus was used as for the rest of the participants. Both visual stimulus types were presented with a large visual angle, as was possible by using the custom coil setup.
After scanning, in post processing steps, the k-space data was weighted in accordance with the Hanning weighted sampling strategy used during acquisition. After Fourier transform, 1 voxel located in the visual cortex was selected from each 3D MRSI scan. The voxel was selected based on the location of the primary visual cortex on an anatomical background scan of the brain. The voxel selection and MRSI grid is displayed in Figure 3 . The resulting spectra from the selected voxel were phased using a fixed first order phase setting corresponding to the delay of 503 μs between the center of excitation and the center of the first acquired data point. Manual zero order phasing was performed and fixed
The coil setup, which is equipped with a screen for visual stimulation. Displayed are a photograph of the 1 H-31 P transmitreceive coil (A), a photograph of the coil when the screen is mounted (B) and a schematic overview of setup during signal acquisition (C). Note that no mirrors or prism glasses are required for this setup, which enhances the visual angle of view with respect to the projected stimulus
to the same setting for all spectra obtained from the same participant. Next, datasets were zerofilled to 4096 data points and apodized with a 10 Hz Lorentzian. The spectra were aligned to the large PCr peak for each participant individually. Afterwards the PCr peak was also aligned among datasets of different participants. An indication of the SNR of the PCr peak is given, by dividing the maximum amplitude of the PCr peak by the standard deviation of a noise region in the spectrum. Since the extract contribution of the mitochondrial and extracellular compartments to the alkaline Pi signal is not well established, the alkaline Pi signal in the figures was labeled as mitochondrial and/or extracellular Pi signal (Pi mi/ex ).
For the analysis, the spectra were averaged in three ways: First, four sets of 4 spectra were averaged for each individual participant (i.e. 4 rest, 4 stimulus, 4 rest and 4 stimulus). From these averaged spectra, the BOLD effect to PCr is assessed by plotting the PCr peak over time. Second, the 16 individual consecutive scans were averaged over the 6 participants to assess temporal behavior of the mitochondrial Pi pool and pH.
Matching blocks of either rest or stimulation were averaged to visualize the first 2 minutes, second 2 minutes and end of the stimulation block, to investigate possible dynamic changes of metabolites during the experiment. Third, the spectra that were acquired in the same block (rest, stimulation, rest, stimulation) were averaged over all participants. The relative amplitude and peak position of the mitochondrial Pi peak as compared to the main intracellular Pi peak was assessed using Gaussian line fitting (jMRUI version 4.0) with fixed constraints and prior knowledge on peak position and line width.
| RESULTS
All included participants fitted in the RF coil and reported full visual view of the screen. In one participant the large visual field of view for visual stimulation is shown (Figure 1 ). The duration of the preparation steps such as planning and B 0 -shimming took less than 10 minutes, starting from the moment the participant was inside the MRI until the start of the first dynamic 31 P MRSI scan. In one of the 6 participants, the automatic frequency determination was off during the preparation steps, thereby causing an off resonance of 1 kHz as compared to the spectra acquired from the other participants. As this offset is well within the bandwidth of the 109 μs RF excitation pulse (9.2 kHz), the dataset was still included in all analyses.
In the first scan session of the first participant, the scan protocol was tested. Due to the high SNR of the 31 P spectra a clear resonance downfield of the main Pi peak was visible ( Figure 4A ). The fits of the two Pi peaks indicated that the signal integral of the downfield peak was 0.2 times the signal integral of the main Pi peak. The integral of the intracellular Pi peak was not found to be changing during the stimulation blocks. Upon closer inspection, the frequency of the intracellular Pi peak at 4.85 ppm corresponding to a pH of 7.01 did not shift, while the mitochondrial Pi peak shifted at max 0.1 ppm up field during visual stimulation, corresponding to a shift in pH from 7.55 to 7.41. In addition, a clear BOLD effect in the PCr signal was observed, reflected as a signal increase of approximately 15% when comparing the spectra obtained during rest with the ones obtained during visual stimulation with the contrast-reversing checkerboard ( Figure 4C ). Voxels outside of the visual cortex did not show a large influence of the BOLD effect on the PCr peak ( Figure 5 ).
As the temporal resolution of the MRSI scans was 2 minutes, while rest and stimulation periods were 8 minutes, dynamic alterations of 31 P metabolites within the stimulation period can be investigated. In order to maximize SNR, data was averaged not only from all participants, but also from both rest and both stimulation events. Again, a subtle shift of about 0.1 ppm of the downfield Pi peak towards the main Pi peak could be observed in the first 2 minutes as well as in the second 2 minutes scan, but no longer in the 4 to 8 minute scan window ( Figure 6 ).
In the 31 P spectra of the individual participants, the downfield Pi peak was visible in 5 out of 6 participants (Figure 7) . The SNR of these spectra was not sufficient to detect a 0.1 ppm shift of the Pi peak over time. An indication of the SNR of the PCr peak (SNR PCr ) is noted in Figure 7 for each participant separately. On average the SNR PCr was 64 ± 9 (mean ± std). Note that this indication of SNR is not independent of linewidth, since it was calculated by dividing the maximum of the PCr peak by the standard deviation of a noise region. In one participant the carrier frequency was off, thereby missing the β-ATP peak, yet the SNR of the remaining peaks remained similar when compared to the SNR of the 31 P MR spectra from the other participants.
In the 31 P MRS datasets of the individual participants, the BOLD effect on the PCr peak was not clearly observed, however, when averaging over all participants, the signal intensity increased 2-3% during stimulation as compared to rest (Figure 8, inset) . The alignment of the spectra between participants facilitated averaging spectra over participants, while maintaining the detection of the downfield peak of Pi (Figure 8) . When comparing the averaged spectra of Figure 8 with Figure 4 , clearly the SNR improved. Likewise, line broadening or a subtle shift of the downfield Pi peak over time of less than 0.1 ppm could be observed.
| DISCUSSION AND CONCLUSION
The energy metabolism of the visual cortex was investigated with 31 In that voxel, the presence or potential influence of a BOLD effect is less noticeable FIGURE 6 Dynamic 31 P MR spectra of the visual cortex, which are temporally matched and averaged over all six participants (A). The temporal averaging is shown schematically (B). The spectra are obtained during rest and visual stimulation, at a temporal resolution of 2 minutes. In the spectra obtained in the first two minutes, as well as the spectra obtained in the second 2 minutes, a shift or line splitting of the Pi ,mi/ex peak can be observed during visual stimulation when compared to the corresponding rest spectra. The shift is not observed in the averaged spectra of the final 4 minutes of activation when compared to rest
The average 31 P MR spectra across participants. Individual spectra were averaged over all six participants in blocks of 8 minutes of rest (rest) and visual stimulus (stim), resulting in an average spectrum for each block. The high SNR shows the mitochondrial/extracellular Pi ,mi/ex peak downfield from the intracellular Pi ,i peak as indicated by the striped line (A). Line broadening, a small shift in frequency or even peak splitting of the Pi ,mi/ex peak can be observed when comparing the spectra over time. However, this effect is less prominent as compared to the effect in the spectra of individual participants (Figure 4 ) or the temporally averaged spectra ( Figure 6 ). In addition, when comparing the rest spectra with the stimulus spectra, a BOLD effect reflected as a 2-3% increase in PCr during visual stimulation can be observed (B) FIGURE 7 31 P MR spectra of all participants individually. The spectra of the visual cortex of the brain are acquired dynamically during rest (lower), stimulus (second), rest (third) and stimulus (upper). The Pi ,mi/ex peak downfield from the Pi ,i peak is clearly visible in participant 1, 3, 4, 5, and 6, highlighted by the striped line. Note that for participant 4 the spectra are not fully displayed (no β-ATP peak), due to a 1 kHz offset during acquisition
In this study we incorporated a relatively large voxel volume to obtain the SNR required to detect the downfield Pi peak. In addition, averaging over participants was another means to increase SNR, by using peak alignment of the large signal of PCr. This enabled studying subtle effects in peak position and line width at relatively high temporal resolution. Temporal resolution may be important, considering the possible saturation or habituation effects with the prolonged stimulation employed here. In fact, the shift in the downfield peak of Pi seems better visible in the first two minutes of activation than in the final 4 minutes of activation. In line with this finding, when averaging over the full block of 8 minutes for all participants, the difference between the rest and stimulus condition is less prominent. Still for the spectra of some individual participants and for the average over all participants a small shift in frequency, line broadening or even peak splitting of the Pi ,mi/ex is observed. These effects remain subtle and should therefore be further validated.
While it has been shown that receiver arrays could enhance SNR, 32 large volumes deeper in the brain may benefit more from the use of a volume transceiver due to inherent RF phase destructions within the voxel. When using receiver arrays, the signal will be weighted non-uniformly throughout the voxel, which may bias towards larger signals of 31 P from blood originating close to those receiver arrays. Still, in specific areas and when aiming for smaller voxels, a receiver array can improve SNR. Some gain in SNR may also be found when obtaining a proper assessment of the T 1 of the downfield Pi spins in the brain to further optimize the Ernst angle. The signal of 31 P metabolites can also be enhanced by the use of the nuclear Overhauser effect (NOE). 33 More improvements in SNR can be achieved when going to higher magnetic fields, such as 9.4 T or in the near future to even higher field strengths.
Studies that use other approaches to measure pH changes in the brain, such as amide proton chemical exchange saturation transfer (APT-CEST), show that it is challenging to measure pH and that the expected pH differences could be smaller than 0.03 pH units. 34 However, the APT-CEST contrast is believed to predominantly originate from intracellular amides. In the current study it was aimed to specifically measure the pH in mitochondrial or extracellular compartments, so pH changes due to activation could be different there.
Two recent studies have been published that include high SNR 31 P MRSI protocols at 7 T. The first study does not observe any change in highenergy phosphates due to a visual stimulation, 35 but on the other hand does not include the downfield Pi peak in their analysis. The second study specifically targets the downfield Pi peak and shows the influences of the blood and CSF pool on this peak. 36 Although we have assigned the downfield Pi peak as mitochondrial Pi, it is expected to be composed of several other compounds as well. For instance, 2,3-DPG is highly abundant in blood and expresses itself at 7 T as two peaks in close proximity to the resonance of Pi and phosphocholine (PC). The absence of this peak in calf muscle was relatively simple to address, as PC levels are much lower in muscle therefore easier to identify the double 2,3-DPG peaks if they were above the noise floor. We have used phase encoding gradients and Hanning filtering to localize the voxel from the visual cortex, which due to point spread function and partial volume effects may still incorporate some signals from blood in the vasculature. Further reduction of the chance to include signals from the highly abundant vasculature close to the skull may be realized when using outer volume suppression by means of a crusher coil. 37 Another possibility could be that the signal comes from extracellular Pi at a much higher pH level than the intracellular Pi, or similar pH level as the mitochondrial Pi. Diffusion weighted spectroscopy may be applied to reduce the content from extracellular Pi. It should be noted that these diffusion techniques require stronger gradients considering the lower gyromagnetic ratio of 31 P over 1 H, and that SNR will go down.
We have shown that even with very high SNR and strong visual stimulation, energy metabolite levels remain highly intact. Yet, over 2 minutes of activation a subtle pH shift from 7.55 to 7.41 can be observed when assigning the downfield peak of Pi as mitochondrial or extracellular Pi. This drop in pH matches observations of lactate increase, as reported with 1 H MRS before. 3, 38 However, considering the substantial BOLD effect reflecting local alterations in oxygenation and high levels of glucose consumption of the brain, stronger effects in 31 P signals would be expected in close proximity to the neurons. The large voxel in our study will lead to partial volume effects of grey and white matter, which in total may have the buffering capacity to maintain the energy metabolite levels and environment constant. Longer and stronger activation strategies can be applied to study this buffer capacity. Or, when higher fields become available, reduced voxel sizes may be used to increase neuron density, which in that case can be helped by receiver arrays to provide the required SNR. Overall, the found small shift in frequency of the downfield peak of Pi is at the edge of what we can measure with the current setup, in terms of SNR and spectral resolution. The influence of phase corrections on the peak position was minimized, by fixing both zero and first order phase corrections. Still, the changes remain subtle, and further validation of the results is required.
In conclusion, energy metabolism of the human visual cortex was investigated by performing 31 P functional MRS. We focused on the mitochondrial inorganic phosphate pool as a potential marker of energy demand. The targeted resonance downfield of the main Pi peak could be distinguished, due to the high SNR of the 31 P spectra. Additionally, a BOLD effect in the PCr signal was observed. A small subtle shift of about 0.1 ppm of the downfield Pi peak towards the main Pi peak could be observed, especially in the first 4 minutes. When averaging over larger time periods the results were less prominent, indicating a time dependency. The effects are subtle and should be further validated. Overall, this study revealed potential opportunities to measure activation evoked changes in specific acidity (pH), but also emphasizes the need for higher SNR measurements to be able to study these processes in more detail.
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